
i:--

D6-24471

November 1969

STRESS-CORROSION CRACK GROWTH RATES

II
S~ 2024-T4 ALUMINUM

By

M.V. .Hyatt

. ~JUL 24 1910

Renton, Washington

*1 Sponsored by
Advanced Research Projects AgencySAWA Order No. 878

Reproduced by the
CLEARINGHOUSE

for Federal Scientific & Technical
Information Springfield Va. 22151

This doc•nat has been approved for public release sad sale; its distribution is unlimited.

A -,-- -iie.



EFFECT OF QUENCHING RATE ON STRESS-COIRROSION
4'l)fV iMa, JV U IfDlA• M TV 13 )I,._m|f AT.TarrTIUm

ABSTRACT

Stress-corrosion crack growth rates in double cantilever beam

specimens of' 2024-T4 aluminum quenched at two rates from the solu-

tion-treatment temperature were compared. The specimens quenched at

the slower rate had the faster crack growth rate. This finding

agrees with data from other studies in which intergranular corrosion

susceptibility was determined by measuring percent loss in tensile

strength of preexposed sheet tension specimens.

INTRODUCTION

When quenched at slow rates, 2024-T4 is prone to intergranular

attack and may be susceptible to stress-corrosion cracking and cxfolia-
S~tion. Work performed by L. A. Willey using the interrupted-quench

technique (1) established the temperature range during quenching in

which the corrosion characteristics are established. The most critical

changes in both corrosion characteristics and tensele properties were

found to occur in the 7500 to 550°F temperature range during quenching.

Willey (1) and Lifka and Sprowles (2) have measured the effects

of quenching rate between 75CO and 5500F on tensile properties and

g resistance to corrosion of 2024-T4 and 7075-T6 sheet specimens.

Stressed (to 75% of yield strength) and unstressed sheet tension spec-
imens of these two alloys that had been quenched at diffeenet re.ten

were exposed to alternate immersion in 3.5% NaCI solution for 12 weeks.

The specimens were then pulled to failure and the percentage loss in

tensile strength for the various specimas determined. Thece date are

presented in Fig. 1, along with the type of corrosion attack observed

at the different quench rates. Studies by Mests, n:osn, and Dix (3)

and Hunter, Frank, and Robinson (4) explain this behavior base4 on

localized electrochemical effects associat-d with the forms ion of
grain boundaryj precipitates and adjacent depleted zone.
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The goal of the present study was to measure the effect of quench
rate on actual stress-corrosion crack growth rates rather than on

strength losses of preexposed tension specimens.

MATERIALS AND TEST PROCEDURES

Double cantilever beam (DCB) specimens of the configuration

shown in Fig.-2 were used for this study. The advantages and use of

this specimen in studying stress-corrosion cracking in high-strength

aluminum alloys have been described by the author (5,6,7,8,9,10).

By using this specimen and Eq. (1) (from Ref. 7), stress-corrosion

crack growth rate data can be obtained as a function of plane-strain

stress intensity KI .

vEh [3h (a + 0.6h) 2 + h3] 1/2

S4 [a +(0.6h)3 +h2a

where: v = total deflection of the two arms of the DCB specimen

at the load point (centerline of loading bolt).
6E = modulus of elasticity (10.3 x 10 for aluminum alloys)

h = 1/2 specimen height

a = crack length measured from load point (centerline of

loading bolt)

The procedure for obtaining the crack growth rate data is illus-

trated schematically in Fig. 3. The loading bolt is turned until a

sharp crack is popped in from the end of the rmachined notch. Plane-
strain fracture toughness Klc can be calculated from Eq. (1) by mea-

suring v and a at any subsequent pop-in. After the crack has been ad-

vanced a few tenths of an inch by several pop-ins, the bolt is left

fixed, giving a constant crack opening displacement (COD), and the 3.5%

NaCI environment is applied. Under these conditions the load P at

the bolt and KI at the crack tip decrease as the stress-corrosion crack
l• length increases (Figs. 3b and 3c). The slope of the resulting crack
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length-time curve in Fig. 3a then gives the crack growth rate as a

function of K.. As the crack length a increases and K1 decreases, a

K1 level may eventually be reached below which growth ceases or is neg-

ligible. This K. level, designated KIsc' is shown in Fig. 3c. Use of
this technique is especially suited to aluminum alloys with elongated
grain structures, since stress-corrosion cracking is intergranular and

cracks are kept in plane by the elongated grain structure of the material.

For this study two DCB apecimens were machined frora 1-in.-thick

202-T351 plate. The specimens were re-solution treated, quenched into

either cold water (75°F) or water at 150°F, and naturally aged to the

T4 temper. Average quenching rates between 750' and 550°F were calculated
from Fig. 14 in Ref. 2 to be 330*F/sec and 80°F/sec for the two quenching

conditions,

Both specimens were bolt loaded to Kc and the steel bolts were
insulated by masking the bolt end of the specimens with a vinyl coat-

ing. The specimens were then placed upright (bolt end up) and, using
a polyethylene squeeze bottle, several drops of an aqueous solution of
3.5% NaCI were placed in the machined notch of the specimens. The NaCl
solution was applied three times each working day at 4-hr intervals.

Crack lengths were monitored using a hand lens and ruler.

i
j• RESULTS AND DISCUSSION

The stress-corrosion crack growth rates for the two specimens are

-shown in Fig. 4. The more slowly quenched specimen shows a growth rate

1.6 to 4 times faster than that for the more rapidly quenched specimen

l I at equivalent K1 levels.

I Previous work (9) has shown that quenched-in residual stresses in

re-heat-treated DCO blanks such as were used in this study cause errors

in K calculations based on Eq. (1). The errors result from geometry

* changes in the arms of the DCB specimens as the stress-corrosion crace,

propagates through the specimen. Residual compressive stresses on the

surfaces of the specimen cause the two arms to bow apart slightly as
the crack grows and relieves the residual tensile stresses inside the
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specimen. This effectively increases the COD at the cracx tip and

makes KI higher than calculated with Eq. (1). Thus, the K1-rate (KI
versus crack growth rate) curves for these specimens with residual

quenching stresses should be moved to the right in Fig. 4. However,
the curve for the cold-water-quenched specimen should be shifted further

to the right, since that specimen has the higher residual quenching

stresses and therefore the greater error in calculated KI. Shifting

the curves in Fig. 4 as described would only increase their separation.

Therefore, despite the residual stress problem with these re-heat-

treated and quenched DCB specimens, it can be concluded from Fig. 4 that

stress-corrosion crack growth rates for 2024-T4 increase with decreas-

ing quench rate. The mechanism for the increased crack growth rate

is most certainly the same as that found responsible for increased

A •susceptibility to intergranular attack and increased loss in tensile

strength of 2024-T4 aluminum after preexposure, namely, the precipi-

tation of copper-rich phases along grain boundaries during slow quench-

"ing with subsequent depletion of copper adjacent to grain boundaries (3).

This gives rise to a difference in solution potential between the two

areas, creating an anodic path in the copper-depleted regions adjacent
I to the boundary.

ii

CONCLUSIONS

Slow quenching rates for 2024-T4 increase susceptibility to inter-

granular attack and increase the growth rate of actual stress-corrosion

cracks.

ACKNOWLEDGMMNS

The author would like to thank J. 0. LaMotte for his help in

gathering the stress-corrosion crack growth data and D. E. Piper for

his cerements on the manuscript. This work sponsored by the Advanced

Research Projects Agency of the Department of Defense, ARPA Order

No. 878, under Contract No. N00014-66-C0365.

4



i REFERENUS

1. E. H. Dix, Jr., "Thermal Treatment of Aluminum Alloys," Physical

Metallurgy of Aluminum Alloys, American Society for Metals, 1949,

pp. 200-240

2. H. Y. Hunsicker, "The Metallurgy of Heat Treatment," Au~minum,

Vol. I: Properties, Physical Metallurgy, and Phase Diagrams,

edited by K. R. Van Horn, American Society for Metals, 1967,

pp. 109-162

3. R. B. Mears, R. H. Brown, and E. H. Dix, Jr., "A Generalized

Theory of the Stress Corrosion of Alloys," Symposium on Stress-

Corrosion Cracking of Alloys, AST1-AIME, 1945

4. M. S. Hunter, G. R. Frank, Jr., and D. L. Robinson, 'N4echanism

of Corrosion of 2024 Alloy as Revealed by Electron Microscopy,"

Proceedings of Second International Congress on Metallic Corrosion,

National Association of Corrosion Engineers, 1963

5. J. C. McMillan and M. V. Hyatt, Development of Nigh-Strengdh Alu-

minum Alloys With Improved Stress-Corrosion Resistance, Technical

Report AFmL-TR-148, June 1968

6. NRL Memorandum Report 1941, Seventh Quarterly Report, ARPA Cou-

pling Program on Stress-Corrosion Cracking, October 1968

7. M. V. Hyatt, Use of Precracked Specimens in Stress-Corrosion

Testing of High-Strength Aluminum Alloys, D6-24466, The Boeing

Company, November 1969

8. M. V. Hyatt, Use of Precracked Specimens in Selecting Heat Treat-=

ments for Stress-Corrosion Resistance in High-Strength Aluminum

ALloys D6-24467, The Boeing Company, November 1969

9. M. V. Hyatt, Effects of Residual Stresses on Stress-Corrosion

Crack Growth Rates in Aluminum Alloys, D6-241469, The Boeing Corn- A

pany, November 1969

10. M. V. Hyatt, Effects, of Specimen Geometry and Grain Structure on

Stress-Corrosion Cracking Behavior of Aluminum Alloys. D6-24470,

The Boeing Company, November 1969

5



I' r -p

I -- SL_1

I OR I+ P-/ .p OR P+ SI

lj CORROSION: I INTERGRANULAR, P PITTING, S SLIGHT INTERGRANULAR

100

(09-
z 7075

~8sco

i-62024

9-

9-80o -STRESSED TO 75% OF YIELD STREIIGTH

u . . j•. .- UNSTRESSED
w 4I -I .

0
10 102 i03 104AVERAGE COOLING RATE FROM 750°T0 5500F (OF per sec)

ii'. I Effeots of quenching r'ate on tensiZe properties andcorrosion resistanoe of 2024-T4 and ?07.5-T6 sheet. Stressedand unstressed specimens waere exposed to afternate irmwrrsionin 3.6% NaCZ soution for 12 wieeke before testing (frcm Ref. 2).

6

Iinm~rn~i
SitI

• • I



t o b- 1.00

0. STEEL BOLT

-.- KDTAiL T
______- -2h-1.00

L - 6.0

RETAIL O##E0TAT09 IN 1.00
PLATE (TYPICAL)

I60

CRACK OPENING DISPLACEMENT v EQUALS THE MEASURED DEFLECTION BETWEEN
POINTS A AND 8 ALONG THE BOLT CENTERLINE

Figure 2 Doubt* omtiZevep be=i speoium used for etresa-eomarion
taestzi, of hi4h-.trength aluwsimm, attoys.



E J ,i:J,, . .Eli, .i

PP

. .

0.25 ~ 4  rr t-- :: aarrest

'2000

(a)~

i1000-

500. * a/b GROWTH RAT.(in./hr)

aAT KA -K ksi-Vin..
0 1
2000

i1500

(b)~
1I000

-5M0

25 Ki

-K IC

;10
'5 no iscc 3 ks IFn-

K ksi

Sq.i 1.02 0

;i ~CRACK LENGTH, a ( in. )

Figure 3 Effeot of crack growth on Zkad and etress intensity under
conto• ant crack opening disptaosment conditions (v - 0.010 in.)
in a 1- by I.- by 5- in. alwwinum-aZ~oy DCB specimen.

8

____nI

i~



.0=

E.Oi U

0 
0

0

0 QUENCH CONDITION3
S.0001 - oo

II
0 SO AE QUENCH IDTt18

•' ! o COiLD WATElR QUENCH (= 33f° F/98c)

- ~~~COOL+ING IRATES ARE BtETWEENi•t
M750F AND 500oF

.001000

Kg '!iFigured Effect Of queng rate on X. rte data for reheat-trasead

..... . ... ... ep..... .w f, . . i: ....thi- -k ptate.



DOCUMENT CONTROL DATA - D & I
. Soasufte chooilea•aio of title, t'v"* of abestra and kndexg anneoleatfim owe# be eaftr Iwsm the Aemill eerff ia feelfiseo

I. ORIGINATING ACTIVITY (CO l 106 •a. REPORT SECURITY CLASSIFICATION

The &wing Com j Unlassified
Coinirroal AiLrplane Gr,,oup a& GROUP
Renton._W, Idnagton __

8. RlRlPO*T TITi..I

Effect of Quenching Rate on Stress-Oorrosion Crack Growth Rates
in 2021-T4 Alumina

4. OmSCemPTIVa I4OTES (?ype of rport and inclusive dates)

Research Report
"S. AUTWORIS) (Fitratnamo. middle intia6. tast nrme)

Michael V. Iqatt

SC. REPORT DATE ?a. TOTAL NO. OF PAGES NO Or RarS

XNovember 1969 9i 4i
a. -CONTRACT ON GRANT NO. Sa. ORIGINATOR'* REPORT NUMISgS)

W)OO1-66-,O365 (ARPA Order 878)
b, PROJ|CT NO.

-. © Sb, OTHER REPORT NOWS) (Any other mambera that mnay be aatidnedSIOhio rporto

___________._________ Boeing Document D6-244I71
IC. DISTRIoUTION STA.raMErNT

This docuewnt has been approved for public release md sale;
"its distribution is unlimlted

It. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Avanced Research Projects Agency,
'I Department of Defense

S-tress-corrosion crack growth rates in double cantilever beam specimens

of 2024-T.4 aluminum quenched at two rates.from the solution-treatment tem-
perature were compared. The specimens quenched at the slower rate had the
faster crack growth rate. This finding agrees with data from other studies
in which intergranular corrosion susceptibility was determined by measuring
percent 1oss in tensile strength of preexposed sheet tension specimens.

D DD, ,NoR". 1
NDD .? 4 73 Unclassified

1, Security Classification

o I



hewity CleaeofitNoM.nAI. 1T~t^I - - I 44-

LINK A LINK 8 LINK C
Kay _......._u 

ROLE_ WT POLm. wp Mt•9 WT

Alumirnum Alloy 2024~-74~I
Stress-Corrosion Cracking
Crack Growth Rate
Stress Intensity Factor
Double Cantilever Beam Specimsn
Quenching Rate

I I
I' I1' 1
III

U IIiI

I 5

12 Unclassified
security cle"sflc ation:

I--


